The structural properties of r.f. planar magnetron sputtered ZnO films are studied as a function of deposition parameters: substrate type, substrate temperature, sputter gas pressure, growth rate and sputtering power.
INTRODUCTION
At our university, within the Transducers and Materials Science research group, sputtered ZnO films have been studied since 1981. These films are applied as optical waveguides 1 or as electromechanical transducers 2 4.
Most of the reported research on piezoelectric ZnO films deals with acoustical applications at high (megahertz) frequencies, where losses due to direct currents do not play a role. Our work is concerned with ZnO films sputtered on silicon and related substrates, and their application as piezoelectric transducers in micromechanical sensors and actuators at low frequencies.
Problem and outline of research
It was concluded that the piezoelectric behaviour of the ZnO films, applied in micromechanical devices developed by our group, was much worse than had been expected 2-4. Suggested possible causes were (i) lower piezoelectric coefficients for the films than the bulk values, (ii) losses due to direct currents and (iii) structural deviations,
The films are sputtered on substrates of silicon, silicon oxide (crystalline and amorphous), metal (aluminium, silver and gold) or quartz, from a zinc target in a pure oxygen atmosphere by a planar r.f. magnetron sputter unit. The most important deposition parameters are substrate type, substrate temperature, oxygen pressure, growth rate and sputtering power.
We studied the structural, electric and piezoelectric properties of these films and their relations with the deposition parameters. Electric properties are discussed in Part II. A study on the piezoelectric behaviour has been reported elsewhere 8.
In this paper (Part I) we deal with structure and chemical composition. Papers most related to this work are by Horsthuis 1, Sen et al. 9 and Krupanidhi and Sayer t°. Section 2 deals with growth models from literature. In Section 3, experiments concerning X-ray diffraction (XRD), scanning electron microscopy (SEM), surface profiling and Auger electron spectroscopy (AES) are described. Results are given and discussed in Section 4, while conclusions concerning the structural and chemical film properties are presented in Section 5. ' 12 In general, two stages are distinguished in thin film growth; initial growth (nucleation and coalescence) and actual growth. During initial growth, chemical and physical properties of the substrate, and interaction between substrate and particles arriving there, play an important role. After an initial layer covering the substrate has formed, actual growth begins, during which interaction only occurs between particles of the film material.
GROWTH MODELS

Film growth 11
Important parameters are the energy of the particles arriving at the substratefilm surface, energy absorption at the time of collision, and chemical and physical interaction between adatoms and the substrate-film surface as well as temperature. These parameters determine, to a great extent, the morphology (overall shape of the film and the geometry of crystallites or amorphous structures inside the film) and texture (orientation of the crystallites).
Growth models
Movchan and Demchishin la studied evaporated layers of metals or oxides. They finished up with a model having three zones. Thornton 14 extended this model to a model for sputtered layers of metals with a fourth zone and an additional axis: the argon sputter gas pressure (Fig. 1) . In zone 1 (porous with tapered crystallites), porous layers with rough surfaces are formed owing to low adatom mobility (slow surface diffusion) and the "shadow effect". In zone 2 (dense; columnar grains from top to bottom), adatom mobility is high enough to overcome the shadow effect and growth is controlled by surface diffusion, resulting in more dense layers with small columnar grains. In zone 3 (recrystallized grains), because of bulk diffusion smaller grains coalesce to form larger, not necessarily columnar, grains. There is a fourth (transition) zone T (dense; fibre-like grains) in which grain outlines are difficult to identify.
Because of collisions with argon atoms, the energy of the particles arriving at the substrate-film surface decreases with increasing argon pressure, leaving less energy for surface diffusion. In addition, at high pressures, adsorbed argon limits adatom mobility. Therefore the transition temperatures between zones 1, T and 2 increase with argon pressure. The transition temperature between zone 2 and 3 is independent of argon pressure, since this transition is determined by bulk diffusion. Structure zone models have been reviewed by Thornton I s.
Oriented growth
Several mechanisms can cause growth of oriented layers. If the lattice constants of substrate and film material approximately match each other, epitaxial growth can occur. However, even if the lattice constants do not match, oriented growth is often observed. A general texture model and conditions for non-epitaxial oriented growth are given by Bauer 16'17. An increase in orientation during actual growth is possible according to the model of Van der Drift 18. This model, often referred to as "survival of the fastest", is based on different growth rates of the crystal planes: starting from random crystal orientation in the initial layer, crystals with the fastest growing crystal plane parallel to the substrate "survive" at the cost of the others. This model implies a related increase in crystal orientation and grain size with film thickness. In films that are well oriented from the very first stage, the "survival of the fastest" model cannot explain an increase in grain size with film thickness (taperwise grain growth). Lodder et al. 19 suggest a thermodynamically driven coalescence of crystallites (grain boundary movement) during film growth, as an explanation for this frequently observed phenomenon.
EXPERIMENTS
Samples
As mentioned previously, the films are r.f. planar magnetron sputtered from a zinc target in a pure oxygen atmosphere. The sputter equipment is described in detail by Horsthuis 1 , who determined the optimum deposition parameters to obtain dense, smooth, highly oriented layers with minimum optical attenuation.
From now on, the following set of deposition parameters is referred to as "sconditions": A number of layers were deposited on silicon wafers under s-conditions with one parameter varied. Also some s-ZnO films were grown on chemically vapour deposited SiO2 and metal substrates (aluminium, silver and gold). The growth rate is measured in situ by a laser beam thickness monitor using interference.
X-ray diffraction and scanning electron microscopy
Crystallographic ordering, crystal orientation (texture) and grain size were studied by means of XRD. 2~ scans and rocking curves around the (002) peak were produced using a Siemens system 1.4 Omega number 4 diffractometer, with a copper or cobalt source. In order to determine more precisely the width of the peaks, some extra-slow (7.5 ° h-1) 2~ scans were recorded using a Philips PW 1710 diffractometer, with a copper source.
SEM micrographs of cross-sections and surfaces of the films were recorded using an ISI SS40 electron microscope, providing information on grain geometries, density and surface roughness (morphology).
The films are cleaved at room temperature ("RT cleaving") or at 75 K, submerged in liquid nitrogen ("LN cleaving"). Cleaving is relatively simple since the substrates are brittle silicon wafers. In order to minimize charge build-up during SEM, some experiments were carried out involving evaporation of carbon or gold.
SEM micrographs of freshly broken layers, and slightly etched (in HaPO4-HAc-H20 or photoanodically in K2SO4-H20) cross-sections and surfaces, were recorded.
Surface profiling and Auger electron spectroscopy
In order to determine film roughness, surface profiles were scanned for asdeposited layers and slightly etched films, using a DEKTAK 3030 surface profiler.
Chemical composition was studied by means of AES using a Perkin-Elmer PHI 600 Auger spectroscope. Surveys of the surface and depth profiles of zinc and oxygen were recorded for some layers.
RESULTS AND DISCUSSION
Growth rate
Deposition parameters, substrate type and thickness of the films studied are summarized in Table I . As shown in Fig. 2 , the growth rate increases linearly with sputter power P, and is approximately independent of substrate temperature T~, and decreases with increasing oxygen pressure Po2-We can conclude that the mean free path and the rate of particles arriving at the substrate determine the growth rate (rate determined by diffusion).
29 scans androcking curves
29 scans and rocking curves around the (002) peak, recorded from samples Kll-K25, all look alike. Figure 3 shows typical results. Apart from two peaks arising from the silicon substrate, only the (002) and (004) reflections appear in the diffractograms, indicating oriented growth with the crystallographic c axis perpendicular to the substrate surface. Table II Some extra-slow (7.5 ° h-1) XRD curves were recorded for samples K16, K19 and K20. The grain size D±, perpendicular to the substrate, as calculated from 21 2 D± B cos with 2 the X-ray wavelength, B the integral peak width, corrected for instrumental broadening BI and 9 the reflection angle, is given in Table III . Absolute values of D±, which actually represents the longitudinal coherence length, are inaccurate since the instrumental broadening BI is roughly estimated and of the same order of magnitude as the integral peak width B. However, it is clear that D j_ increases with substrate temperature.
We can conclude that all films studied with XRD are crystalline ZnO, with the c axis highly oriented within a few degrees perpendicular to the substrate surface, in 
Scanning electron micrographs
SEM micrographs were recorded for all samples mentioned in Table I . Cleaving is induced from the back of the wafer, and thus it starts in the silicon. A large number of SEM micrographs were produced in order to establish which features observed were induced by cleaving. We found LN cleaving to yield the best results, provided that the silicon exhibits a smooth cleaved surface, since the fracture pattern of the silicon substrate tends to propagate into the film (Fig. 4) .
Evaporation of carbon or sputtering of gold appears to be unnecessary; using a conducting paste to attach the samples to the SEM sample holder suffices to prevent charge build-up. We found that all unetched cross-sections of samples K 11-K25 (all 1 ~tm ZnO on silicon), as observed by SEM, are essentially the same and independent of deposition parameters. Figure 5 gives results for these layers, showing a fine pattern of vertical lines separated by a few hundredths of a micron, and very smooth surfaces. Samples K11, K13, K14, K16, K19, K20 and F41-F45 (all 1 ~tm ZnO on silicon) were etched in an HaPO4-HAc-H20 solution. We found that the fine line patterning in the cross-sections disappeared on etching. However, on the surface of the films, etch pits became visible (Fig. 6) . For samples F43, F42 and F45, the etched surfaces look similar to etched (001) surfaces of single-crystal ZnO 22, indicating dense "single-crystal-like" films. The etch pit density appears to decrease with increasing oxygen pressure. For the highest Po2 = 23 Pa, etching is much faster than for other samples, indicating a more porous structure. The appearance of the etched surface is different for low oxygen pressures; it looks like the etched tops of a columnar structure. Figure 7 shows SEM micrographs of samples B65 and B77 (4.8 ~tm and 4 ~tm respectively s-ZnO on chemically vapour deposited SiO2, etched in H3PO4-HAc-H20 ). These samples exhibit structures with broad columns, 0.2-0.5 lam wide, extending through the film thickness. The surfaces look like etched (001) surfaces of single-crystal ZnO 22. The grain boundaries, being etched more readily, are visible. Figure 8 shows an SEM micrograph 23 of sample X03 (4 Ixm s-ZnO on aluminium, etched photoanodically in K2SO4-H20 ). Here also a columnar structure is clearly visible. Micrographs of layers grown on other metal films reveal that these layers have the same columnar structure. Figure 9 shows SEM micrographs of samples X01 and X02. Sample X01 (5 lam s-ZnO on silicon) exhibits a "toothed structure" on top of a layer with a fine vertical line pattern as observed earlier with 1 ~tm thick layers. The surface appears to be relatively rough. However, sample X02 (5 larn ZnO on silicon, first 1.5 ~tm sputtered at 1800 W, then with the power decreased to 400 W) exhibits no toothed structure; fine lines extend through the film thickness, and the surface is smooth. These results are in accordance with those of Horsthuis 1, who found that optical "attenuation increased sharply for films thicker than 1 Ixm". These films were deposited at 1800 W. However, if "only the initial layer was high-rate sputtered, while the bulk of the film was deposited at a much lower rate, i.e. applied RF power ... the attenuation was significantly lower." Comparison with SEM micrographs of other layers reveals that those grown on steam-oxidized silicon wafers exhibit the same structure as ZnO grown in Si(100). We can conclude that ZnO film growth on crystalline substrates of silicon or SiO2, starts with a bottom layer of small grains, a few hundredths of a micron wide. As thickness increases, taperwise grain growth occurs if the surface temperature is high enough (high sputter power) to induce coalescence. This taperwise growth is not explained by the "survival of the fastest" model, since layers are highly oriented from the very first stage as observed by XRD. The thermodynamically driven coalescence mechanism suggested by Lodder et al. 19 provides a plausible explanation. Dense and "single-crystal-like" films are grown, probably (001) oriented. High oxygen pressure yields more porous layers, while low pressure induces columnar growth.
Amorphous substrates of metals or chemically vapour deposited SiO2 induce a growth of broad columns extending through the film thickness, probably (00i) oriented.
Surface profiles
Surface profiles of layers of 1 inn s-ZnO on silicon all reveal smooth surfaces with a roughness of 1-4 nm. The surface roughness of the 4-5 gm s-ZnO on chemically vapour deposited SiO2 layers is somewhat higher, i.e. 6-7 nm. Also, slightly etched surface profiles were scanned. Results are summarized in Table IV and are in accordance with SEM observations. The lateral resolution of the surface profiler is too low for the grain width at the surface to be determined.
We can conclude that all layers scanned are smooth. The surface roughness of films grown on chemically vapour deposited SiO2 is somewhat higher than for those deposited on silicon substrates.
Auger electron spectroscopy results
AES was performed on samples K11 (1 lam s-ZnO on silicon) and B77 (4 ~tm s-ZnO on chemically vapour deposited SiO2) (Fig. 10) . Surveys indicate that the except for some chlorine and potassium and a large amount of carbon on the surface. Depth profiles show the Zn-O ratio to be constant over the film thickness. The Zn-O ratio cannot be determined accurately because of possible preferential etching and, moreover, since the Auger electron yield is not known except for elemental zinc and oxygen. For more accurate measurement of impurities and the Zn-O ratio, other analytical methods would be required, for instance secondary ion mass spectrometry or Rutherford backscattering. Zn-O ratios as low as 0.6 have been reported for layers sputtered at low substrate temperature 24. This large "overstoichiometry" is caused by adsorbed oxygen, which is readily desorbed at elevated temperatures (Part II). Since our layers are grown at high substrate temperature (400-450 °C), we expect them to exhibit equilibrium bulk-stoichiometry, which corresponds 25 to a Zn-O ratio of 1 within 1 ppm for temperatures up to 500 °C. Comparison with Auger spectra from the literature 24 reveals that the Zn-O ratio for our films is approximately 1, as expected.
We can conclude that the s-ZnO layers studied with AES are "Auger clean" and the Zn-O ratio is constant over the film thickness and equals approximately 1.
Comparison with Thornton's model
The Thornton structure zone model for metals sputtered in an argon atmosphere, as described in Section 2, cannot be applied straightforwardly to our sputtered ZnO films for a number of reasons. First, our ZnO is reactively sputtered in an oxygen atmosphere and, secondly, ZnO (with a melting-sublimation point of 2250 K) is not a metal. Also, growth rate and sputtering power are not accounted for explicitly in the model. The most uncertain parameter is temperature, since the actual temperature at the surface, where growth occurs, might be some hundreds of kelvins higher than the substrate temperature. Moreover, we have to be aware that tile influence of the substrate type, which greatly effects initial growth, is not dealt with in the model. Therefore we regard the Thornton model to be more suited for actual growth where initial layer effects are less important. Nevertheless, general ideas about surface and bulk diffusion and their influence on growth and structure are still valid.
If we take 1400 K for the melting point, instead of 2250 K, then the observed structures of the 1 lam ZnO layers on silicon fit the Thornton model (Fig. 11) . Most of the layers exhibit a transition zone T structure with a dense, smooth surface and small grains, and are essentially the same (Fig. 5) . The grain dimensions increase with temperature (Table III) . At high pressures, the layers become porous (zone 1; Fig. 6 ) and, at low pressures, columnar growth is observed and the layers are rougher (zone 2; Fig. 6 , Table IV ). However, for layers grown on amorphous substrates, a zone 2 structure is observed, with columns a few tenths of a micron in diameter, extending through the film thickness.
We can conclude that trends in morphology, density and grain size are in agreement with Thornton's model. However, the substrate type, which to a great extent determines the structure of our sputtered ZnO films, is not accounted for in this model. The same holds for growth rate and sputter power, which greatly influence actual temperature and diffusion at the surface during deposition. 
CONCLUSIONS
In this paper (Part I) the structural and chemical properties of r.f.-sputtered ZnO films are described. We found that the structural properties depended strongly on the substrate type. All films are polycrystalline ZnO. The individual grains are highly oriented with their crystallographic c axis perpendicular to the substrate from the very first stage of growth, in agreement with Bauer's general texture model16.
Crystalline surfaces of Si(100) or steam-oxidized Si(100) induce growth of small grains (a few hundredths of a micron wide and long), probably (001) oriented. These small grains tend to coalesce, depending on temperature, resulting in tapered grains up to 1 pm or more in diameter. Lodder et al. 19 suggested a plausible explanation for this coalescence phenomenon. Amorphous substrates of metals or chemically vapour deposited SiO2 induce growth of broad (a few tenths of a micron wide) columns extending through the film thickness, probably (00i) oriented.
Trends in density and grain size are in agreement with Thornton's structure zone model1*. However, this model cannot be applied straightforwardly to our ZnO films. It is more suited for actual growth, since the substrate parameters are not accounted for in this model. In addition, growth rate and sputter power, which greatly influence actual temperature and diffusion at the surface during deposition, are not accounted for.
Layers grown under s-conditions (see Section 3) are "Auger clean" and have a Zn-O ratio of approximately 1, constant over the film thickness.
